Abstract Effects of cold acclimation and cold exposure for 25 generations on triglyceride (TG)-, total phospholipid (PL)-, and cardiolipin (CL)-fatty acid (FA) compositions were studied in the different types of skeletal muscles (red and white muscles from quadriceps, and soleus) as well as brown adipose tissue (BAT) in rats. TG: in cold-acclimated rats (CA) and rats reared in cold for 25 generations (25G) white muscle showed the decreased saturated FA (SA) and increased polyunsaturated FA (PU). In soleus of 25G, monounsaturated FA (MU) and PU increased, and SA decreased. In BAT, SA increased and MU decreased in CA, and SA and PU decreased, and MU increased in 25G. PL: in red muscle of CA, SA increased and PU decreased. In red muscle of 25G the similar but more marked changes were found accompanied by lowered arachidonic acid and unsaturation index (UI). In BAT, SA, PU, arachidonic acid, and UI increased in CA, and arachidonic acid increased in 25G. CL: in red and white muscles of 25G, oleic acid and MU increased. In BAT, arachidonic acid increased in CA and 25G, and UI increased in 25G. These results suggest that FA unsaturation of CL in the muscles as well as BAT is involved in an enhanced thermogenesis in cold-exposed rats.
nonshivering thermogenesis in the cold-acclimated rats. However, cold acclimation in small mammals such as rats and guinea pigs has been shown to cause certain changes suggesting an enhanced thermogenesis in skeletal muscles. Skeletal muscles manifest increased cytochrome level, cytochrome oxidase, and succinate dehydrogenase activities in the cold-acclimated guinea pigs (KINNULA et al., 1983) . Total volume and number of mitochondria are found to increase in the skeletal muscle of cold-acclimated rats (BEHRENS and HIMMS-HAGEN, 1977; YAHATA and KUROSHIMA, 1977) . Skeletal muscles from cold-acclimated rats also exhibited increased oxidative enzyme (succinate dehydrogenase), lipid metabolic enzyme (j3-hydroxybutyrate dehydrogenase) (PoLLOCK et al., 1973) , Na, K-ATPase (GUERNSEY and STEVENS, 1977) , lipoprotein lipase (BEGIN-HEICK and HEICK, 1977) activities and myoglobin concentration (OHNO and KUROSHIMA, 1986) . Cold exposure (JANSKY and HART, 1963) and infusion of noradrenaline, a main regulating factor of nonshivering thermogenesis (JANSKY and HART, 1963; GRUBB and FOJ.K, 1976) , were reported to stimulate oxygen consumption of the perfursed skeletal muscle of cold-acclimated rats. From these findings, therefore, it is surmised that skeletal muscles also, at least in part, contribute to an enhanced NST due to cold acclimation, although the direct evidence of skeletal muscle involvement is not yet available. Major energetic substrate for NST has been shown to be fatty acids (LAFRANCE et al., 1980) . Intramuscular triglyceride (TG) has been also shown to be an important energy source during prolonged exercise of moderate intensity (SPRIET et al., 1985) . It has been postulated that there may be preferential mobilization as well as utilization of fatty acids from the depot TG of adipose tissues (HOLLENBERG and DOUGLAS, 1962; PAULSRUD and DRYER, 1968; HUNTER et al., 1970) . On the other hand, fatty acids in phospholipids (PL) are well known to serve as important membrane elements of cell, influencing cellular function with their changes in profile (THOMAS et al., 1977; SPECTOR and YOREK, 1985) . Therefore, it may be expected that certain changes in tissue fatty acid compositions would ensue in cold acclimation to meet an increased heat production. Several reports described significant changes in triglyceride fatty acid (MORIYA and ITOH, 1969; WILLIAMS and PLATNER, 1967) and phospholipid fatty acid (RIQUIER et al., 1976) profiles in BAT of cold-acclimated animals. However, so far as we know, no work has investigated the changes in fatty acid composition in skeletal muscles. The present study was undertaken to examine the effect of cold acclimation on fatty acid profile in TG, PL, and cardiolipin, which is a specific component of mitochondrial inner membrane, of the skeletal muscles as well as BAT. Special attention was given to the changes in the different types of muscles, because it has been shown that different types of skeletal muscle do not always respond equally to the same physiological stimuli such as exercise (HARMS and HICKSON, 1983) , thyroid hormone (WINDER and HoLLOSzY, 1977) Animals. Male Wistar rats (Shizuoka Laboratory Animal Center, Hamamatsu) were used in the study. The animals were 7 weeks old, weighing about 180-190 g, at the start of the experiment. The rats were housed at 25 + 1°C (warm controls, WC) or 5+ 1°C (cold-acclimated rats, CA) for 4 weeks under the artificial lighting from 7:00-19:00 and provided ad libitum with laboratory rat chow (Oriental MF, Oriental Yeast Co., Ltd., Tokyo) and tap water. Rats reared in cold for 25 generations were also prepared as described elsewhere (MORIYA et al., 1985) . These animals were matched for age of other groups at the time of sacrifice. These animals had been shown to exhibit greater NST than the usual coldacclimated rats exposed to cold for 1 generation.
Sampling of tissues. The animals were killed by decapitation. Samples of the superficial white quadriceps, the deep red quadriceps, the soleus, and the interscapular BAT were removed and 100 to 200 mg of the tissue was placed in a glass tube containing 5 to 7 ml of chloroform-methanol (v/v = 2 :1) lipid extraction solution. The tube was gassed with N2, sealed and kept at -70°C until analyzed.
Analytical methods. Tissue lipids were extracted essentially by the procedure of FOLCH et al. (1957) . The tissue was homogenized with glass homogenizer in the ice-cold lipid extract solution (ca. 50 volumes). The homogenate was filtered through a fat-free filter paper. The residue was again extracted with ca. 20 volumes of extract solution. The combined extract was washed by mixing with 0.2 its volume of water and allowed to separate into two phases by standing under N2 at -30°C for one night. The lower chloroform phase was evaporated to dryness under N2 in the water bath at room temperature, then taken up in an appropriate volume of extract solution. The separation of the lipid classes was performed by thin-layer chromatography by the method of SKIPsKI and BARCLAY (1969) for TG and PL, and by the method of SIMON and RoUSER (1967) for CL.
Fatty acids in triglyceride and phospholipid were transesterified by the method of MoRRISON and SMITH (1964) .
The fatty acid methyl esters were analyzed by using Hitachi Model 663-30 gas chromatograph equipped with Hitachi Model 883A data processor with a 2-m glass column containing chromosorb W-AW-DMCS-FFAP (Gaskuro Kogyo Inc., Tokyo). The column was operated at 220°C. Quantitative standardization of the chromatograph was based on analysis of fatty acid standard methyl ester mixures from Nu-Chek-Prep, Inc.
Calculations. Fatty acid composition was expressed by mol%. Unsaturation index (UI): the average number of double bonds per fatty acid molecule as indicated by EM, N/100 (M;, mol 0 of each fatty acid; N;, number of double bond of each fatty acid). Arachidonate index (AI): arachidonate mol%/linoleate mol% ; AI has been equated with an effect on the elongation-desaturation pathway (MAK et al., 1983 In all skeletal muscles examined, SA and PU were higher (p <0.001) in PL fraction and MU was lower (p <0.001) than in TG fraction. UI and AI (p <0.01-0.00 1) were also higher in the former. CL (Table 2 ). PU and UI in CL were markedly higher (p<0.001) in all muscles examined than those in PL (Fig. 2) . This resulted from higher C18 : 2 (p <0.001) in CL, and C20 : 4 was rather lower (p <0.001) in CL as compared with that in PL. SA and AT in CL (p <0.001) were significantly lower than those in PL. The extent of unsaturation as assessed by C18 : 2, UI, PU was greater in red and white quadriceps than in soleus (p <0.05-0.001). These indices did not differ between red and white quadriceps. TG (Fig. 1) . In red quadriceps, MU decreased and in soleus MU increased. In white quadriceps, SA decreased and PU increased. PL (Fig. 2) . In red quadriceps, SA increased and PU decreased, but in white quadriceps and soleus no changes were observed. AI was significantly elevated in soleus. CL (Table 2) . C18: 1 and MU significantly increased in red quadriceps, but not in white quadriceps and soleus. FA compositions in the skeletal muscles in 25G TG (Fig. 1) . PU increased and SA decreased in white quadriceps, MU and PU increased and SA decreased in soleus, while no changes were found in red quadriceps.
PL (Fig. 2) . No significant changes were found in white quadriceps, while PU and UI decreased in red quadriceps and soleus. It was also noted that all muscles contained less arachidonate.
CL (Table 2) . C18: 1 and MU significantly increased in both red and white quadriceps. C18 decreased in white quadriceps. No significant changes were observed in soleus.
FA compositions in BAT
As shown in Fig. 3 , C20 :4, PU, AI, and UI were higher (p <0.001) in PL than in TG. C20 : 4 was not different between PL and CL, while C18 : 2 was markedly higher (p <0.001) in CL than PL, resulting in higher UI (p <0.01), PU (p <0.001), and lower SA (p <0.001) (Fig. 3, Table 2 ).
TG (Fig. 3A) . In CA, SA increased; MU, AI, and UI decreased. In 25G, MU increased ; SA and PU decreased. PL (Fig. 3B) . In CA, SA, PU, AI, and UI increased ; MU decreased. In 25G, SA increased, MU decreased. C20:4 increased in both CA and 25G. CL (Table 2) . AI increased (p <0.01) in CA. C20 : 4 (p <0.001), AI (p <0.001), and UI (p <0.01) increased; MU decreased (p <0.05) in 25G.
DISCUSSION
The skeletal muscles examined in the present study are known to be composed of different types of fibers: white quadriceps has fast-twitch fibers with a low respiratory capacity, red quadriceps has fast-twitch fibers with a high respiratory capacity, and soleus consists of 85% slow-twitch fibers with a moderately high respiratory capacity and 1500 fast-twitch fibers with a high respiratory capacity (SPRIET et al., 1985 for references) . It was noted in the present study that there were site-differences in TG-FA compositions, which may result from the different utilization rates of different FA in the different muscles. Moreover, the present findings that TG-FA compositions were significantly modified in CA and 25G suggest that selective utilization of FA as energy sources in skeletal muscles and BAT was effected by cold exposure. However, there were no consistent patterns of these changes in FA compositions. The changes differed in different muscles and BAT, and between CA and 25G. Several studies indicated the cold-induced unsaturation in depot white fat of rats (MORIYA and IToH, 1969 for references), while brown adipose tissue did not show any significant changes in TG-FA composition after cold acclimation (WILLIAMs and PLATNER, 1967; MORIYA and IToH, 1969; RIQUIER et al., 1976) , where the mobilized fatty acids from depot fat of this tissue are utilized in itself for heat production (NICHOLLS and LOCKE,1984) . The TISSUE   FATTY  ACIDS  IN COLD-EXPOSED  RATS  793 present study, however, showed that cold acclimation did induce some changes in TG-FA profiles of BAT as well as skeletal muscles. Therefore, it is likely that FA utilization as energy source is preferentially influenced in these tissues by cold acclimation. More PU as well as SA and less MU were present in PL-FA than in TG-FA in all muscles examined ( Table 2 ). The difference in PU was most conspicuous in C20:4, which contributed mainly to the increase in PU of PL-FA. These results suggest that PU, especially represented by C20:4, play a significant role in the functions of cellular membrane. It has been claimed that a rise in unsaturated FA of PL would exert beneficial changes in the cellular membrane (THOMAS et al., 1977, SPECTOR and YOREK, 1985) . RICQUIER et al. (1976) reported that the PL of brown adipose tissue from cold-acclimated rats contained more C20:4, showing the general trend towards an unsaturation. In agreement with their finding the present result for BAT-PL in CA indicated higher unsaturation as assessed by C20 : 4, PU, AI, and UI, while no increases were observed in PU and UI of BAT-PL in 25G, although C20: 4 and AI significantly increased.
It is well known that mitochondria contain most of cell CL and a considerable proportion of cell C18:2 (GETZ et al., 1962: OKUYAMA and NOJIMA, 1965) . CL occurs, in particular, in the inner membrane of mitochondria and is suspected of playing an important role in operation of thermogenesis. The present results confirmed such predominant occurrence of C 18 : 2 and high unsaturation in CL as compared with PL in BAT as well as skeletal muscles (Figs. 2,3 , Table 2 ). In this BAT-CL, higher C20 :4, AI, and UI in 25 G, and higher AI in CA were observed (Table 2) . Therefore, it is likely that unsaturation in CL is more closely associated with an enhanced NST in BAT. RICQUIER et al. (1975) also reported alterations of FA distribution of BAT-CL in CA: a decrease of C18: 1 and an increase of C18 :2, which did not correspond to the present results. PU of PL-FA rather decreased in the red quadriceps of CA and 25G, and in the soleus of 25G, while significant increases in MU of CL-FA of red quadriceps of CA, and in that of red as well as white quadriceps of 25G were found (Fig. 2, Table 2 ). The results indicate more unsaturation of CL-FA, but less unsaturation in PL-FA, in the skeletal muscles of CA and 25G.
Therefore, if an unsaturation in mitochondrial CL-FA is specifically associated with thermogenic function, the present results suggest that the skeletal muscles are involved in an enhanced NST during cold acclimation through an increased unsaturation of CL-FA.
However, it should be noted that the manners of cold-induced changes in CL-FA of skeletal muscles differ from those of BAT: the increased MU, and the increased AI, UI and C20:4, respectively. PU in the skeletal muscles was considerably higher (p <0.001) as compared with that in BAT. Thus, the above difference between the skeletal muscles and BAT may result from the different metabolic machinery in the different tissue. It is well established that BAT possesses a unique uncoupling protein across the mitochondrial inner membrane, but not other tissues (AFONG et al., 1985) . It is not yet possible to make conclusive generalization how any changes in FA profile in cellular membrane component could influence cellular functions. However, it is possible that the changes in membrance FA composition actually could occur under various conditions and affect cellular functions (DAUM, 1985; SPECTOR and YOREK, 1985) . The changes observed here may reflect certain modifications in the metabolic activity of skeletal muscles as well as BAT induced by cold acclimation.
Exercise training has been also shown as a physiological stimulus to modify FA compositions in the skeletal muscles in men (THOMAS et al., 1977) and in rats (IWAGAKI and KAZAMI, 1985) . In trained men, PL-FA of white quadriceps contained more C18 : 2, and less C16, while in trained rats C18 : 2 decreased in all PL fractions of soleus, but it increased in CL of heart.
Although further studies are needed to determine the physiological relevance of the changes in FA observed here in respect to a role of skeletal muscle in cold acclimation, they would apparently indicate certain roles of membrane, especially mitochondrial FA in the metabolic changes in the skeletal muscle metabolism. 
